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 Francesco Mariani et al. /  Energy Procedia  81 ( 2015 )  1013 – 1029 1015
7KHUHGXFWLRQRIWKHDHURG\QDPLFUHVLVWDQFHRIDVSRUWVFDULVDQDFKLHYDEOHJRDOLQYLHZRIWKHSHUIRUPDQFH
RSWLPL]DWLRQ,IRQHFRQVLGHUVWKDWWKHSRZHUUHTXLUHGWRRYHUFRPHDHURG\QDPLFGUDJYDULHVZLWKWKHFXEHRIWKH
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HYHQWVUHTXLUHGE\WKHIRUPXOD6$(>@7KHDELOLW\WRSUHGLFWDYDOXHRIWKH&'DVFORVHDVSRVVLEOHWRWKHYHKLFOH
V
RSHUDWLQJFRQGLWLRQVDOORZVRQHWRKDYHYHU\XVHIXOLQIRUPDWLRQHVSHFLDOO\LQLWVGHVLJQVWDJH,WLVHDV\WRLPDJLQH
WKDWLQWKLVFRQWH[WSUHGLFWLYHWRROVVXFKDVWKH&)'FRGHVFRXOGRIIHUYDOXDEOHDVVLVWDQFH,QIDFWWKHSRVVLELOLW\RI
KDYLQJQXPHULFDOHVWLPDWHVYHU\FORVHWRWKHH[SHULPHQWDORQHVLVDFRQVLGHUDEOHDGYDQWDJHZLWKUHJDUGWRWKH
H[SHULPHQWDODFWLYLW\H[HFXWHGLQWKHZLQGWXQQHORQWKHSURWRW\SHEHLQJDEOHWRGHFUHDVHWLPHDQGGHYHORSPHQW
FRVWV$QDHURG\QDPLFRSWLPL]DWLRQRIDYHKLFOHFDQEHSHUIRUPHGERWKLQWKHZLQGWXQQHODQGXVLQJ&)'FRGHV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SHUIRUPDUHYHUVHHQJLQHHULQJRIWKHYHKLFOHLQRUGHUWRREWDLQLWVQXPHULFDOPRGHO$QDHURG\QDPLFGHYHORSPHQWLV
SUHVHQWHGLQ>@ZKHUHWKHDXWKRUVIRFXVHGDWWHQWLRQRQWKHVKDSHRSWLPL]DWLRQRIDYHKLFOHH[SRVHGWRFRQVWDQW
FURVVZLQG,QWKLVFDVHWKHVWXG\ZDVFDUULHGRXWLQZLQGWXQQHO,Q>@WKHDXWKRUVVXJJHVWVRPHJRRGVROXWLRQVIRU
LPSURYLQJGUDJFRHIILFLHQWHYHQLQWKLVFDVHWKHVWXG\ZDVFRQGXFWHGHQWLUHO\LQDZLQGWXQQHO,ILQVWHDGRQHLVWKH
GHVLJQHURUVRPHKRZDPHPEHURIWKHGHYHORSPHQWWHDPRIWKHYHKLFOHWKHRSSRUWXQLW\WRWULPWKHSURMHFWZLWK
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,QDQ\FDVHLQWKHILUVWSKDVHRIWKHSURMHFWDQH[SHULPHQWDOYHULILFDWLRQLQWKHZLQGWXQQHOIRUWKHDQDO\VLVRIWKH
FRUUHODWLRQZLWKQXPHULFDOPRGHOV LVDQHVVHQWLDODFWLYLW\ WRGHYHORSDJRRGDHURG\QDPLFGHVLJQ >@7KLVHYHQ
FRQVLGHULQJWKHIDFWWKDWWKHPRGHOLQJUHVXOWVDUHWRRPHVKGHSHQGHQWLQRUGHUWREHWUXVWHGDSULRUL)XUWKHUPRUH
WKHV\QHUJ\EHWZHHQWKHWZRDSSURDFKHVEHFRPHVXVHIXODOVRLQUHODWLRQWRWKHDQDO\VLVRIVHQVLWLYLW\RIWKHPRGHOV
DQGWR WKHRSWLPL]DWLRQRI WKHFRPSXWDWLRQDOUHVRXUFHV,Q>@ WKHDXWKRUV LQYHVWLJDWHGWKHIORZDURXQGDJHQHULF
6SRUW8WLOLW\9HKLFOH689ZLWKWZRGLIIHUHQW&)'PHWKRGVDQGFRPSDUHGWKHUHVXOWVZLWKH[SHULPHQWDOGDWDVXFK
DVDHURG\QDPLFFRHIILFLHQWVDQG3DUWLFOH,PDJH9HORFLPHWU\3,95HVXOWVRIWKHQXPHULFDOVLPXODWLRQVZHUHZLWKLQ
RIWKHPHDVXUHGYDOXHV,Q>@WKHDXWKRUFRPSDUHGWKHUHVXOWVRI&)'VLPXODWLRQVRIWKHIORZDURXQGWKH
$KPHGERG\IRUWZRVODQWDQJOHVILQGLQJDGLVFUHSDQF\ZLWKWKHH[SHULPHQWDOGDWD
,QJHQHUDOWKHVWUHQJWKVRIWKHSUHVHQWZRUNFRQVLVWLQKDYLQJSXWWRJHWKHUH[SHULPHQWDODQGQXPHULFDODFWLYLWLHV
DSSOLHG WR D UHDO FDU RQZKLFK XVLQJ D FRPSDUDWLYHPHWKRGRORJ\ LW ZDV SRVVLEOH WR HYDOXDWH WKH DHURG\QDPLFV
FRQWULEXWLRQV RQ WKH PRGHO FRPLQJ IURP VRPH FKDQJHV H[HFXWHG RQ SUHH[LVWHQW HOHPHQWV DQG IURP WKH HIIHFWV
SURGXFHGE\WKHLQVHUWLRQRIQHZSDUWV
,QSDUWLFXODUWKHVWXG\LVGLYLGHGLQWZRSDUWVWKHILUVWOLPLWHGWRWKHQRVHRIWKHFDULQFOXGHVERWKH[SHULPHQWDO
PHDVXUHPHQWVDQGQXPHULFDOVLPXODWLRQV7KLVSKDVHZDVHVVHQWLDOERWKIRUDSURSHUFKRLFHDQGWXQLQJRIWKHPRGHOV
DQGDQLQGHSWKPHVKDQDO\VLVLQRUGHUWRREWDLQDQDSSURSULDWHGHYHORSPHQWRIWKHERXQGDU\OD\HU$VNQRZQWKLV
HYDOXDWLRQLVVWULFWO\FRUUHODWHGWRWKHTXDOLW\RIWKHPHVKFORVHWRWKHVNLQRIWKHPRGHO7KHPDLQJRDORIWKLVILUVW
SDUWRIWKHZRUNZDVWRREWDLQDJRRGDJUHHPHQWEHWZHHQWKHH[SHULPHQWDODQGFDOFXODWHGYDOXHVRIWKHGUDJ7KLV
REMHFWLYHLQYROYHVDYHU\UHILQHGERXQGDU\OD\HUDQGFRQVHTXHQWO\DODUJHQXPEHURIYROXPHWULFFHOOVZKLFKLQWXUQ
LPSO\DYHU\KLJKVLPXODWLRQWLPH,QWKHSUHVHQWZRUNWKHQRVHPRGHOKDVEHHQGLVFUHWL]HGZLWKPLOOLRQYROXPHWULF
FHOOVDQGVLPXODWHGLQKRXUVXVLQJSDUDOOHOSURFHVVRUV
7KH VHFRQG SKDVH ZKLFK ZDV RQO\ QXPHULFDO FRPSDUHV WZR HQWLUH UDFH FDU PRGHOV QDPHG  5%B$ DQG
5%B%UHVSHFWLYHO\WKDWGLIIHUIURPHDFKRWKHUIRUVRPHFKDQJHVDQGIRUVRPHDGGLWLRQDOHOHPHQWV7KHFKDQJHV
EHWZHHQWKHWZRPRGHOVDLPDWGHFUHDVLQJWKHGUDJFRHIILFLHQWDQGWRLQFUHDVHWKHGRZQIRUFHVWU\LQJWRHOLPLQDWHDW
WKHVDPHWLPHDQ\SRLQWVRIUHFLUFXODWLRQDQGVWDJQDWLRQ:LWKRXWDIIHFWLQJWKHSK\VLFDOFRQVLVWHQF\RIWKHUHVXOWWR
REWDLQDQDFFHSWDEOHVLPXODWLRQWLPHWKHWRWDOQXPEHURIFHOOVZDVOLPLWHGFRQVLGHUDEO\UHGXFLQJSDUWLFXODUO\WKH
UHILQLQJRIWKHZDOOPHVK
7KHH[SHULPHQWDO DSSDUDWXV GHVFULEHG LQ WKHQH[W VHFWLRQ LV WKHZLQG WXQQHOSODQW DYDLODEOH WR WKH)DFXOW\RI
(QJLQHHULQJRIWKH8QLYHUVLW\RI3HUXJLD7KHFRGHXVHGIRUWKHQXPHULFDODFWLYLWLHVLV&&09RI&'
DGDSFR
7KHPDLQ FKDUDFWHULVWLFV RI WKH FDU LQFOXGLQJ DOVR WKH FRQVWUDLQWV LPSRVHGE\ WKH LQWHUQDWLRQDO IHGHUDWLRQ DUH
VXPPDUL]HGLQ7DEOH
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7DEOH)RUPXOD6$(FDUFKDUDFWHULVWLFVDQGUHJXODWRU\FRQVWUDLQWV
FDUZHLJKW NJ
9HQJLQH±$SULOLDV[Y FP79
ERUH[VWURNH [PP
FRPSUHVVLRQUDWLR 
PD[WRUTXHDW530 1P
PD[SRZHUDW530 N:
LQWDNHPD[LPXPVL]HGLDPHWHU PP
PD[LPXPDOORZHGYHORFLW\ PV
JHDUVKLIW VSHHG
ERG\ FDUERQILEHU
FRROLQJV\VWHP OLTXLG

 :LQGWXQQHOGHVFULSWLRQDQGH[SHULPHQWDOVHWXS

2.1 The wind tunnel of the University of Perugia  

7KHIDFLOLWLHVDWWKH8QLYHUVLW\RI3HUXJLDDOVRLQFOXGHD:LQG7XQQHOLQFORVHGORRSFRQILJXUDWLRQ)LJXUH)LJXUH
DDQGE$QLPSHOOHUZLWKEODGHVLQFDUERQZDUSHGVKHOOFDQDFFHOHUDWHWKHDLUWRDPD[LPXPVSHHGRI
NPK,QHDFKFXUYHWKHUHDUHIL[HGEODGHVWRHQKDQFHWKHDLUIORZSDWWHUQ7KHLPSHOOHULVGULYHQE\DN:HOHFWULF
PRWRU-XVWSULRUWRWKHWHVWURRPDSSUR[LPDWHO\PRIHIIHFWLYHVHFWLRQWKHWXUEXOHQFHRIWKHIORZLVFRQGLWLRQHG
DQGUHGXFHGE\PHDQVRIDKRQH\FRPEVWUXFWXUH
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)LJD:LQG7XQQHOIURQWYLHZDOOGLPHQVLRQVDUHLQPPE:LQG7XQQHOWRSYLHZ
7KH IORZ LV IXUWKHU DFFHOHUDWHG E\ D FRQYHUJLQJ GXFW LQWR WKH WHVWLQJ URRP %RWK WKH VWDWLF DQG G\QDPLF DLU
FRQGLWLRQVDUHPRQLWRUHGDQGFRUUHODWHGZLWKWKHDHURG\QDPLFIRUFHVWZR3LWRWWXEHVPRQLWRUDLUVSHHGWKDWUXQVRYHU
WKH WHVWHG ERG\ ZKLOH D FRQWURO VWDWLRQ SRVLWLRQHG LQ WKH WHVWLQJ URRP SURYLGHV GDWD DERXW VWDWLF DLU SUHVVXUH
WHPSHUDWXUHDQGUHODWLYHKXPLGLW\$HURG\QDPLFIRUFHVDUHDFTXLUHGE\IRXUELD[LDOORDGFHOOVPRXQWHGXQGHUWKH
IUDPHWKDWVXSSRUWVWKHYHKLFOH7KHVXSSRUWLQJIUDPHLVVWUXFWXUHGRQWKUHHOHYHOVWKHEDVHIL[HGWRWKHJURXQGWKH
WRS SODWH DQG WKH WULDQJXODU VWUXFWXUH WKDW WUDQVIHUV IRUFHV 7KH WRS SODWH VLPXODWHV WKH HIIHFW RI WKH JURXQG¶V
DHURG\QDPLFV7KHVLJQDOVDUHDFTXLUHGE\1DWLRQDO,QVWUXPHQWVFDUGVZKLOHWKHSRVWSURFHVVLQJLVSHUIRUPHGE\D
VRIWZDUHGHYHORSHGE\WKHDXWKRUVLQ/DE9LHZHQYLURQPHQWHYDOXDWLQJIRUHDFKRIWKHWHVWHGFRQILJXUDWLRQVWKH
&'ͼ6YDOXHDVDIXQFWLRQRIȡD'5DQG9FROOHFWHGGDWD
7KH DHURG\QDPLFGUDJRI DYHKLFOH OLQHDUO\GHSHQGVRQERWK LWV FKDUDFWHULVWLFVRI VKDSH DQG IURQWDO VHFWLRQ6
DFFRUGLQJWRWKHIROORZLQJHTXDWLRQ




ZKHUH'5LVWKHGUDJUHVLVWDQFH>1@ȡLVWKHDLUGHQVLW\>NJP@DQG9LVWKHYHKLFOHZLQGVSHHG>PV@
7KHWRWDOGUDJFRHIILFLHQW&'RIDVSRUWFDULVGHWHUPLQHGE\DPXOWLWXGHRISDUDPHWHUV%RG\GUDJIRUHERG\
GUDJXQGHUERG\GUDJDIWHUERG\GUDJVNLQIULFWLRQGUDJLQWHUQDOGUDJHQJLQHFRROLQJV\VWHPVSURWXEHUDQFHGUDJ
ZKHHOVGUDJPLUURUVGUDJVXVSHQVLRQSDUWVGUDJHWFDQGIURQWDODUHDDIIHFWWKHGUDJUHVLVWDQFH$OOWKHYDULDEOHV
PHQWLRQHGDERYHKDYHDVWURQJQRQOLQHDUPXWXDOLQIOXHQFH,QJHQHUDOVLQFHWKHDHURG\QDPLFGUDJLVZKDWLVPHDQW
WREHPLQLPL]HGWKHGUDJUHGXFWLRQFDQEHFDUULHGRXWPLQLPL]LQJWKHSURGXFW&'Â6

 ([SHULPHQWDOVHWXSDQGUHVXOWV

7KH YHKLFOH QRVH XVHG LQ WKLVZRUNZDV D IXOO VFDOHPRGHO )LJXUH D DQG E 7KH ERG\ZDV SODFHG RQ WKH
DHURG\QDPLFVFDOHVUHVSHFWLQJERWKLWVRULHQWDWLRQDQGWKHKHLJKWIURPWKHJURXQGZKLFKDUHVFKHGXOHGRQWKHYHKLFOH
LQUXQQLQJRUGHU7KHZLQGWXQQHOWHVWUXQVWRRNDERXWVHFRQGVHDFKZKLFKLQFOXGHGVWDUWXSGDWDFROOHFWLRQDQG
UDPSGRZQ)LJXUH7KHWHVWZHUHGLYLGHGLQWRWKUHHVWHSV

x ULVLQJVSHHGUDPSV
x UHJLPHV
x GHFUHDVLQJVSHHGUDPSV


V
DSC RD 
 
U
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0RVWRIWKHWHVWVZHUHFDUULHGRXWDWDUHJLPHVSHHGYDOXHRINPKIRUHDFKH[DPLQHGFRQILJXUDWLRQUHSHDWLQJ
WKHUXQDWOHDVWWZRWLPHV$OOTXDQWLWLHVZHUHDFTXLUHGDWDN+]VDPSOLQJUDWHZKLOHWKHSUHVHQWHGGDWD)LJXUH
ZHUHREWDLQHGE\UHVDPSOLQJWKHPDW+]7HVWVRILQWXLWLYHDHURG\QDPLFZHUHDOVRFRQGXFWHGWKURXJKWKHXVHRI
ZRROWXIWV)LJXUH)LYHUXQVZHUHFDUULHGRXWLQRUGHUWRFKDUDFWHUL]HWKH)6$(QRVHLQWKHUHIHUHQFHFRQGLWLRQ
REWDLQLQJDQDYHUDJHGYDOXHRIDHURG\QDPLFGUDJRINJZLWKDVWDQGDUGGHYLDWLRQHYDOXDWHGRQWKHILYHVDPSOHV
RINJDQGD&'6DYHUDJHGYDOXHRIZLWKDVWDQGDUGGHYLDWLRQRIHYDOXDWHGRQWKHILYHVDPSOHV
5HFHQW H[SHULPHQWDO VWXGLHV E\ WKH VDPH JURXS KDV EHHQGHYHORSHGRQGLIIHUHQWPRWRUF\FOHV WR HYDOXDWH WKH
LQIOXHQFHRIWKHVSHHGRQWKHDHURG\QDPLFGUDJ)LYHGLIIHUHQWIXOOVFDOHURDGPRWRUF\FOHVZHUHWHVWHGLQWKHVDPH
ZLQGWXQQHOIRFXVLQJRQWKHWUDQVLHQWSKDVHRIULVLQJZLQGVSHHG>@

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

 
)LJD7KHYHKLFOH¶VQRVH
)LJE&KDUDFWHULVWLFVPHDVXUHVRIWKHQRVHDOOGLPHQVLRQVDUHLQPP
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
 7KHQXPHULFDOVHWXS

$VGLVFXVVHGDERYHWKHSUHVHQWZRUNFRQFHQWUDWHVRQWKHPHDVXUHPHQWDQGRQWKHQXPHULFDOHYDOXDWLRQRIWKH
drag coefficient (CD). ,Q SDUWLFXODU WKH DFWLYLW\ LV GLYLGHG LQWR WZR PDLQ SDUWV WKH ILUVW RI ZKLFK FRQFHUQV WKH
H[SHULPHQWDO DQG QXPHULFDO HYDOXDWLRQ RI WKH CD. 7KH DYDLODELOLW\ RI WKH H[SHULPHQWDO CD YDOXH DOORZHG WKH
RSWLPL]DWLRQRIWKHPHVKDQGDVXLWDEOHFKRLFHRIWKH&)''PRGHOVDGRSWHG7KHVHFRQGSDUWIROORZVDQXPHULFDO
RQO\DSSURDFKDQGFRPSDUHVWKHUHVXOWVREWDLQHGIURPWKHVLPXODWLRQRIWKHRULJLQDOFDU¶VJHRPHWU\ZLWKWKRVHIURP
WKHVLPXODWLRQH[HFXWHGRQWKHVDPHFDUPRGLILHGZLWKVRPHSHUIRUPDQFHIHDWXUHV7KHEDVLFWHUPVRIFRPSDULVRQ
EHWZHHQWKHWZRVLPXODWHGPRGHOVZHUHWKHCDYDOXHVDQGWKHFRQVHTXHQWGRZQIRUFHV
$OO WKHVLPXODWLRQVDUHFRQILJXUHG LQVWHDG\VWDWHDQGZLWKWKH LQFRPSUHVVLEOHPRGHORQ$VSURYHGE\DJUHDW
DPRXQWRIVSHFLDOL]HGOLWHUDWXUH>@EHWZHHQWKHGLIIHUHQWWHVWHGPRGHOVWKHk-Ȧ SSTUHVXOWHGLQWKHEHVWRQH
FDSWXULQJWKHFRPSOH[WXUEXOHQWSKHQRPHQDLQWHUPVRIGLVSODFHPHQWIURPWKHH[SHULPHQWDOHYLGHQFHV
7KHk-ȦPRGHO>@LVRQHRIWKHPRVWXVHGWXUEXOHQFHPRGHOV,WLVDWZRHTXDWLRQPRGHOLWLQFOXGHVWZRH[WUD
WUDQVSRUWHTXDWLRQVWKDWUHSUHVHQWWKHWXUEXOHQWSURSHUWLHVRIWKHIORZ7KHWZRHTXDWLRQVWDNHLQWRDFFRXQWERWKWKH
HIIHFWRIWKHFRQYHFWLRQDQGWKHHIIHFWRIWKHGLIIXVLRQDVVRFLDWHGWRWKHWXUEXOHQWHQHUJ\7KHILUVWWUDQVSRUWHGYDULDEOH
LVWKHWXUEXOHQWNLQHWLFHQHUJ\k, ZKLOHWKHVHFRQGRQHLVWKHVSHFLILFGLVVLSDWLRQȦ:KLOHȦGHWHUPLQHVWKHVFDOHRI
WKH WXUEXOHQFH WKH ILUVW YDULDEOHk GHWHUPLQHV WKH HQHUJ\ LQ WKH WXUEXOHQFH 7KH shear stress transport SST
IRUPXODWLRQFRPELQHVWKHEHWWHURIWKHWZRSUHYLRXVYDULDEOHV7KHXVHRIDk-ȦIRUPXODWLRQLQWKHLQQHUSDUWVRIWKH
ERXQGDU\OD\HUPDNHVWKHPRGHOGLUHFWO\XVDEOHDOOWKHZD\GRZQWRWKHZDOOWKURXJKWKHYLVFRXVVXEOD\HUKHQFHLW
FDQEHXVHGDVD/RZ5HWXUEXOHQFHPRGHOZLWKRXWDGGLQJDQ\H[WUDGDPSLQJIXQFWLRQV7KLVDSSURDFKHIIHFWLYHO\
EOHQGVDK-EpsilonPRGHOLQWKHIDUILHOGZLWKDK-OmegaPRGHOQHDUWKHZDOO)LQDOO\WKH667NȦPRGHOLVRIWHQ
DSSUHFLDWHGIRULWVJRRGEHKDYLRUZKHQ\RXDUHERWKLQDGYHUVHSUHVVXUHJUDGLHQWVDQGLQVHSDUDWLQJIORZFRQGLWLRQV
DYHU\FRPPRQVLWXDWLRQGXULQJWKHDQDO\VLVRIDQH[WHUQDODHURSUREOHP
7DEOHVKRZVWKHW\SHDQGWKHYDOXHVRIWKHERXQGDU\FRQGLWLRQVLQKDUPRQ\ZLWKWKHH[SHULPHQWDODFWLYLW\7KH
control volume CV LQZKLFK LV FRQWDLQHG WKHPRGHO WR VLPXODWH KDV WKH VDPH GLPHQVLRQV RI WKH WHVW FKDPEHU
LQGLFDWHGLQWKHSUHYLRXVH[SHULPHQWDOGHVFULSWLRQV
 
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7DEOH%RXQGDU\W\SHDQGFRQGLWLRQV
LQOHWERXQGDU\W\SH YHORFLW\
RXWOHWERXQGDU\W\SH UHODWLYHVWDWLFSUHVVXUH
LQOHWYHORFLW\YDOXH PV
UHODWLYHVWDWLFSUHVVXUHYDOXH 3D
WHVWWHPSHUDWXUH .


3.1. Boundary layer and mesh definition  

,QRUGHUWRSHUIRUPH[WHUQDODHURG\QDPLFDQDO\VLVRQDYHKLFOHWKUHHFRQGLWLRQVPXVWEHPHWWKHYROXPHPXVWEH
VHDOHGQRLQWHUQDOJHRPHWU\PXVWEHSUHVHQWDQGQRRYHUODSSLQJRULQWHUVHFWLQJVXUIDFHVVKRXOGEHSUHVHQW7KHVH
LWHUDWLYHDFWLYLWLHVWRJHWKHUZLWKDVXLWDEOHYROXPHPHVKGHILQLWLRQDUHYHU\WLPHFRQVXPLQJVWHSV&RQFHUQLQJWKH
PHVKGHILQLWLRQWKHPDLQDWWHQWLRQZDVIRFXVHGRQWKHERXQGDU\OD\HUEOGHILQLWLRQLQSDUWLFXODURQWKHDGRSWLRQ
RIDVXLWDEOHEOWKLFNQHVVQXPEHURIVXEOD\HUVDQGJURZLQJODZRIWKHVXEOD\HUVVWDUWLQJIURPWKHVNLQRIWKH
VKHOO
7KH GLPHQVLRQOHVV ORJDULWKPLF XQLYHUVDO YHORFLW\ GLVWULEXWLRQ ODZ HT  IRU WXUEXOHQW IORZV DVVHUWV WKDW WKH
YHORFLW\UHIHUUHGWRWKHIULFWLRQYHORFLW\ݑכLVDIXQFWLRQRIWKHdimensionless wall distance y+



7KHWHUPy+ LVXVHGDVWKHLQGH[RIWKHTXDOLW\RIWKHPHVKQHDUWKHZDOOVDQGLWVIRUPDOGHILQLWLRQLV

          

ZKHUHy LV WKH QRUPDO GLVWDQFH IURP WKHZDOO WR WKHZDOOFHOO FHQWURLGu* LV WKH IULFWLRQYHORFLW\ DQGȞ LV WKH
NLQHPDWLFYLVFRVLW\,QSUREOHPVRIH[WHUQDOIORZVVXFKDVWKHRQHSUHVHQWHGKHUHWKHEHVWSUDFWLFHVHPSOR\HGIRUWKH
ZDOOWUHDWPHQWVXJJHVWIRUy+DYDOXHOHVVRUHTXDOWR$VVKRZQLQ)LJXUHWKLVFKRLFHKDVEHHQLPSOHPHQWHGDQG
UHDFKHGLQDOPRVWDOOWKHPRGHO
)RUDIXOOERXQGDU\OD\HUGHYHORSPHQWDQDFFXUDWHZDOOWUHDWPHQWZDVDGRSWHGXVLQJDERXQGDU\OD\HUZLWKDWKLFNQHVV
HTXDOWRPPVXEGLYLGHGLQWRVXEOD\HUVGLVWULEXWHGVWDUWLQJIURPWKHVKHOOZLWKDJHRPHWULFSURJUHVVLRQZLWKD
common ratio:LWKWKHVHFKDUDFWHULVWLFVWKHUHVXOWLQJGLPHQVLRQRIWKHZDOOOD\HULVHTXDOWRP)LJXUH
VKRZVWKHPRGHODQGLWVcontrol volumeGLVFUHWL]HGZLWKDSRO\KHGUDOPHVK([SORLWLQJWKHFRQGLWLRQRIV\PPHWU\
RIWKHPRGHOWKHQXPEHURIYROXPHWULFFHOOVUHVXOWHGRIDERXWPLOOLRQDWWKHULJKWWRSFRUQHURIWKHILJXUHLWLV
VKRZQD]RRPRIWKHPHVKQHDUWKHZDOOWKHPHVKLVREWDLQHGXVLQJWKHCCM+ Advanced Layer MeshPRGHO7KLV
YHU\VSHFLDOL]HGPHVKHUDOORZVDJUDGXDOWUDQVLWLRQIURPWKHERXQGDU\OD\HU]RQHWRWKHFRUHRIWKHPDLQIOX[$V
VKRZQLQ)LJXUHWKLVZDOOWUHDWPHQWDOORZHGDFRPSOHWHGHYHORSPHQWRIWKHERXQGDU\OD\HU)RUDEHWWHUUHDGDELOLW\
)LJXUH  UHSOLFDWHVZLWK D ]RRP D SDUW RI WKH UHGZLQGRZ HYLGHQFHG LQ )LJXUH  7DEOH  VXPPDUL]HV WKHPDLQ
FKDUDFWHULVWLFVRIWKHPHVKSUHYLRXVO\GHVFULEHG
 
@OQ>OQ
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)LJ'LPHQVLRQOHVVGLVWDQFH\RQWKHPRGHOSURILOH
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 )LJ=RRPLQJRIWKHPHVKLQWKHERXQGDU\OD\HU
)LJ6FDODUYHORFLW\ILHOGRQWKHQRVH
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
7DEOH0HVKIHDWXUHV
JHQHUDOPHVKW\SH SRO\KHGUDO
ERXQGDU\OD\HUPHVKW\SH DGYDQFHGOD\HUPHVK
YROXPHWULFFHOOV PLOOLRQ
ERXQGDU\OD\HUWKLFNQHVV PP
QXPEHURIVXEOD\HUV 
JHRPHWULFSURJUHVVLRQFRPPRQUDWLR 
ZDOOOD\HUWKLFNQHVV [P

 &RGHYDOLGDWLRQH[SHULPHQWDOvsQXPHULFDOUHVXOWV

6RPH ZRUNV RI H[WHUQDO DHURG\QDPLFV ZHUH GHYHORSHG SXWWLQJ LQ V\QHUJ\ WKH H[SHULPHQWDO DQG QXPHULFDO
DSSURDFKHV>@RQHRIWKHVKDUHGDLPLVWKHFRGHYDOLGDWLRQSDVVLQJWKURXJKDSUHOLPLQDU\DQDO\VLV
RIWKHPHVKDVRQHRIWKHPRUHLPSRUWDQWVHWXSDFWLYLWLHVWRHQVXUHWKHQXPHULFDOVXFFHVV%RWKWKHPHVKGHYHORSPHQW
DQGWKHRSWLPDOPRGHO¶VVHWXSDUHKLJKO\LQWHUGHSHQGHQWWDVNVWKDWDUHGHFLVLYHLQGHWHUPLQLQJWKHUHVXOWVRID&)''
VLPXODWLRQ7RWKLVHQGWKHPHDVXUHGdrag coefficientCDZDVXVHGDVWKHJOREDOFRPSDUDWLYHSDUDPHWHU$VUHSRUWHG
LQ WKH SUHYLRXV SDUDJUDSK  WKLV FRHIILFLHQW UHVXOWHG HTXDO WR  DJDLQVW D YDOXH RI  REWDLQHG IURP WKH
VLPXODWLRQZLWKDFRQVHTXHQWHUURUHTXDOWR
,QFLGHQWDOO\LWVKRXOGEHQRWHGWKDWWKHSURWRW\SHXVHGIRUWKHH[SHULPHQWDODFWLYLW\LVPDGHRISROLVKHGZRRG
7KLVFKRLFHZDVIRUWZRUHDVRQVWKHILUVWLVWULYLDODQGLVUHODWHGWRWKHXQDYDLODELOLW\RIWKHRULJLQDOPRGHOWUDQVSRUWHG
WRDQRWKHUORFDWLRQIRUDVVHPEO\UHDVRQVWKHVHFRQGIRUUHDVRQVRIVWUXFWXUDOVWUHQJWKDQGIL[LQJRIWKHPRGHOWRWKH
ZLQGWXQQHOSODWIRUP
)LJXUHVKRZVD]RRPHYLGHQFLQJWKHYHORFLW\ILHOGDURXQGWKHVWDJQDWLRQSRLQWRIWKHPRGHO
 
)LJ =RRPLQJRIWKHPHVKERXQGDU\OD\HU
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
 &)'$QDO\VLVRB11.1_AYHUVXVRB11.1_BPRGHO

5.1. General characteristics 

7KH PRGHORB11.1_A KHQFHIRUWK QDPHGA DV VKRZQ LQ )LJXUH  LV WKH ILUVW SURWRW\SH PRGHO ZLWKRXW WKH
LPSURYHPHQWVVXEVHTXHQWO\UHDOL]HGDQGHYDOXDWHGLQWKHRB11.1_B PRGHOKHQFHIRUWKQDPHGBLQRUGHUWRUHGXFH
WKHGUDJDQGLQFUHDVHWKHGRZQIRUFHV7KHHQKDQFHPHQWVDSSOLHGLQWKHPRGHOBFRQVLVWLQWKHLPSOHPHQWDWLRQRID
front wingLQUHPRYLQJWKHexcess surface of the headrest,LQWKHLQWURGXFWLRQRIrear extractors DQGLQWKHLQWURGXFWLRQ
RI WKHrear hood7KHFRXSOHVRIILJXUHVDDQGEIURPWRKLJKOLJKW WKHLPSURYHPHQWVGHVFULEHGEHORZ
DFKLHYHGZLWKWKHSUHYLRXVFKDQJHV7KHVHULHVRIILJXUHVDFRQFHUQPRGHOAZKLOHVHULHVbVKRZVUHVXOWVREWDLQHG
IURPPRGHOB)LJXUHVVKRZWKHSRO\KHGUDOPHVKRIWKHWZRPRGHOV7RFRQWDLQWKHFRPSXWDWLRQDOWLPHWKHVH
PHVKHVDUHGHILQHGFRDUVHUWKDQWKDWRIWKHSUHYLRXVQRVH¶VPRGHO,IFDUULHGRXWIRUFRPSDUDWLYHDQDO\VLVDVLVLQWKH
SUHVHQWFDVHWKLVFKRLFHGRHVQRWDIIHFWWKHTXDOLW\RIUHVXOWV7KHPHVKHVDUHFKDUDFWHUL]HGE\DSSUR[LPDWHO\PLOOLRQ
YROXPHWULFFHOOVDERXQGDU\OD\HUZLWKDWKLFNQHVVHTXDOWRPPVXEGLYLGHGZLWKVXEOD\HUVGLVWULEXWHGVWDUWLQJ
IURPWKHVKHOOZLWKDJHRPHWULFSURJUHVVLRQZLWKDcommon ratioDQGDFRQVHTXHQWZDOOOD\HUHTXDOWRPP



)LJ=RRPLQJWKHQRVHVFDODUYHORFLW\ILHOG
)LJ3RO\KHGUDOYROXPHPHVKHVPRGHO$PRGHO%
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5.2. Results and comparative analysis 
 
7KHILUVWLPSURYHPHQWREWDLQHGUHPRYLQJWKHH[FHVVsurfaceRIWKHKHDGUHVWLVODEHOHGZLWKXLQ)LJXUHD
7KLVFKDQJHREYLRXVO\GLUHFWO\ LQIOXHQFHVWKHGUDJFRHIILFLHQW LQWHUDFWLQJSHUSHQGLFXODUO\ZLWKWKHDLUIORZ7KH
JURXQGHIIHFWJHQHUDWHGE\WKHIURQWZLQJLVZHOOHYLGHQWLQ)LJXUHLWLVVKRZQLQWHUPVRIWRWDOSUHVVXUHH[HUWHG
RQWKHVKHOOVXUIDFHZKRVHJURZLQJSURGXFHVDFRUUHVSRQGHQWLQFUHDVHRIWKHGRZQIRUFHLQFUHDVLQJWKHVWDELOLW\RI
WKHFDUHVSHFLDOO\LQWKHSDUWVOHVVIDVWRIWKHFLUFXLWV$IXUWKHUDWWULEXWHWKDWHQKDQFHVWKHJURXQGHIIHFWLVFRQVWLWXWHG
E\WKHUHDUDLUH[WUDFWRUVZKRVHHIIHFWLVVKRZQLQ)LJXUHWKH\FRQFXUWRWKHJHQHUDWLRQRIWKHGHVLUHGµVenturi¶
JHRPHWU\ZLWKDSRVLWLYHHIIHFWRQWKHGRZQIRUFHGXHWRDUHGXFWLRQLQWRWDOSUHVVXUHLQFDVHBFRPSDUHGWRA.)LJXUH
VKRZVDQRWKHUEHQHILFLDOHIIHFWFRPLQJIURPWKHDGRSWLRQRIWKHIURQWZLQJZKRVHFURVVVHFWLRQVDUHYLVLEOHLQD
WUDQVSDUHQWZD\$VDPDWWHURIIDFWWKHZLQJVWKDWGLYHUWWKHIORZRIDLUWRZDUGVWKHWRSRIWKHVKHOOLQFUHDVHWKH
GRZQIRUFHRQWKHYHKLFOH,QDGGLWLRQLWLVDOVRFOHDUDQDSSUHFLDEOHUHGXFWLRQLQGUDJGXHWRWKHVKLHOGFDUULHGE\WKH
ZLQJVRQWKHIURQWZKHHOV

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


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;
)LJ+HDGUHVWPRGLILFDWLRQ
)LJ(IIHFWRIWKHDGRSWLRQRIWKHIURQWZLQJ
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7KHVWUHDPOLQHVWHFKQLTXHLVDQRWKHUZD\WRDSSUHFLDWHWKHEHQHILWVREWDLQHGZLWKWKHFKDQJHVPDGHWRWKHRULJLQDO
PRGHOA6WUHDPOLQHVDOORZWRDSSUHFLDWHWKHTXDOLW\RIWKHIOX[)LJXUHVDQGVKRZUHVSHFWLYHO\WKHHIIHFWVRI
WKHrear hoodDQGRIWKHunderbodyZKLOH)LJXUHRIIHUVDQRYHUDOOYLHZRIWKHLPSURYHPHQWVREWDLQHGZLWKWKH
PRGHOB$PRUHUHJXODUIOX[LVDFOHDUHYLGHQFHLQVRPHDUHDVLWLVHYLGHQWWKHGLVDSSHDUDQFHRIUHFLUFXODWLRQDQG
VWDJQDWLRQSRLQWV














)LJ(IIHFWRIWKHDGRSWLRQRIWKHH[WUDFWRU
)LJ(IIHFWRIWKHIURQWZLQJRQWKHIURQWZKHHO
)LJ6WUHDPOLQHVEHIRUHDQGDIWHUWKHDGRSWLRQRIWKHUHDUKRRG
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5.3. Analysis of the aerodynamic forces and weight distribution 
 
,WIROORZVVRPHTXDQWLWDWLYHDQDO\VLVEDVHGRQWKHFRPSDULVRQEHWZHHQPRGHOADQGB;LQSDUWLFXODUWKHHYDOXDWLRQV
ZHUHPDGHERWKRQWKHHQWLUHFDUZKHUHWKHYDOXHVLQWHUPVRIWRWDOGUDJDUHHTXDOWR1PRGHO$DQG1
PRGHO%DQGRQVRPHVLJQLILFDQWFRPSRQHQWVLQWHUPVRIGRZQIRUFHDQGGUDJ


)LJXUHVKRZVWKHVNHWFKHVRISURILOHVADQGBZLWKWKHdown-forcesDFWLQJRQWKHIURQWDQGUHDUZKHHOV)LJXUH
LVDQDOWHUQDWLYHDQGPRUHDFFXUDWHZD\RILQWHUSUHWLQJWKHVHUHVXOWVLQIDFWIRUHDFKFRPSRQHQWRIPRGHOB, QRW
SUHVHQWLQA,DQGIRUWKHFRPSRQHQWVRIA PRGLILHGLQB,LWKDVEHHQHYDOXDWHGDTXDQWLW\QDPHGimprovementGHILQHG
DVIROORZV 


)LJ6WUHDPOLQHVEHIRUHDQGDIWHUWKHDGRSWLRQRIWKHH[WUDFWRU
)LJ6WUHDPOLQHVEHIRUHDQGDIWHUWKHDGRSWLRQRIWKHIURQWZLQJ
)LJGRZQIRUFHVHYDOXDWLRQRQWKHRULJLQDODDQGRQWKHPRGLILHGEYHKLFOH
 
i
A
i
A
i
B
F
FFI
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
:KHUHܨ஺௜DQGܨ஻௜ UHSUHVHQW WKHYDOXHRI WKH IRUFHV DFWLQJRQ WKH FRPSRQHQW ith RIPRGHOA DQGB UHVSHFWLYHO\
DFFRUGLQJO\ SRVLWLYH YDOXHV H[SUHVV DQ LQFUHDVH ZKLOH WKH QHJDWLYHV D GHFUHDVH RI WKH IRUFH DFWLQJ RQPRGHOB
FRPSDUHG WR A *HQHUDOO\ WKHUH LV D UHPDUNDEOH LPSURYHPHQW LQ DOO WKH FRPSRQHQWV ,QFLGHQWDOO\ DV HDV\ WR
XQGHUVWDQGLWLVQRWHGWKDWWKHLQFUHDVHRIWKHGUDJIRUFHLQWKHQRVHLVGXHWRWKHLQWURGXFWLRQRIWKHIURQWZLQJLQ
IDFWLQPRGHOBWKHnoseODEHOPHDQVWKHVHWFRQVLVWLQJRIWKHRULJLQDOQRVHDQGIURQWZLQJ


 &RQFOXVLRQVDQGIXWXUHDFWLYLWLHV

,Q WKHSUHVHQWZRUNDQH[SHULPHQWDODQGQXPHULFDODQDO\VLVRI WKH)RUPXOD6$(UDFHFDURI WKH8QLYHUVLW\RI
3HUXJLDKDVEHHQSUHVHQWHG,QWKHVHFRQGSDUWRIWKHZRUNWKHQXPHULFDOFRPSDUDWLYHDQDO\VLVEHWZHHQPRGHOA 
DQGBKDVVKRZQDQLQWHUHVWLQJJOREDOHQKDQFHPHQWHYLGHQFLQJWKHFRQWULEXWLRQWKDWHDFKQHZFRPSRQHQWDQGHDFK
FKDQJHKDVEURXJKWLQWHUPVRIGRZQIRUFHDQGGUDJ
:LWKUHJDUGWRIXWXUHDFWLYLWLHVLQYLHZRIWKHSDUWLFLSDWLRQWRWKHQH[W)RUPXOD6$(PHHWLQJWKDWZLOOEH
KHOGLQ6SDLQWKHWHFKQLFDOWHDPZLOOEHLQYROYHGLQWKHGHYHORSPHQWRIYDULRXVLPSURYHPHQWDFWLYLWLHV&RQFHUQLQJ
WKHH[WHUQDODHURG\QDPLFVDFWLYLWLHVWKHPDLQWDVNZLOOEHWKHH[SHULPHQWDODQGQXPHULFDOHYDOXDWLRQRIWKHIRUFHV
DFWLQJRQWKHIXOOFDULQPRGHOBVHWWLQJ,QSDUWLFXODUIRUWKHQXPHULFDOPRGHOLQJDFWLYLW\ LWZLOOEHLPSRUWDQWWR
LQYHVWLJDWHWKHRSWLPL]DWLRQRIWKHQXPEHURIWKHVXEOD\HUVLQIDFWLQWKHSUHVHQWZRUNWKHRYHUVL]LQJRIWKHQXPEHU
RIWKHOD\HUVGHILQHGQHDUWRWKHVKHOO¶VVNLQLVHYLGHQW
 
)LJ3HUFHQWLPSURYHPHQWRIWKHIRUFHVRQWKHPRGHO%LQUHODWLRQWRWKHPRGHO$
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